INTRODUCTION {#S1}
============

Rod and cone photoreceptors (PRs) are the neurons ensuring light detection in the retina. Although terminally differentiated and non-proliferative, PRs are among the most metabolically active cells of the body ([@R3]). In the dark, they consume considerable ATP amounts to activate ion pumps in their plasma membrane that maintain membrane excitability. In the light, they use energy to support visual signal transduction ([@R35]). While maintaining homeostasis, PRs have very high biosynthetic requirements. PRs replace daily 10% of their outer segment (OS), a protein and lipid rich organelle, that is lost to phagocytosis by the retinal pigment epithelium (RPE) ([@R22]). Yet, we have to fully understand how PRs regulate metabolic pathways to meet both their energetic and anabolic demands, and how this affects PR function and survival. A better understanding of the regulation of PR metabolism is important to determine why PRs die due to energy stress in a number of human blinding diseases ([@R2]; [@R19]; [@R43]; [@R65]).

Neurons depend on glucose as their main energy source ([@R32]). However, PRs particularity is to consume glucose in excess of that used for oxidative phosphorylation (OXPHOS) despite sufficient oxygen to metabolize glucose completely. Consequently, they convert most of their glucose to lactate ([@R9]; [@R10]; [@R33]; [@R57]; [@R61]). This process, referred to as aerobic glycolysis, is a hallmark of cancer cells, where it supports unrestrained proliferation ([@R54]). In PRs, aerobic glycolysis is thought to promote the biomass necessary for OS renewal ([@R9]). However, the balance between aerobic glycolysis and OXPHOS in PRs *in vivo* is unknown and the importance of aerobic glycolysis for survival and function of PRs has not been evaluated. Moreover, cones and rods have different energy requirements ([@R14]; [@R33]; [@R34]; [@R35]; [@R38]; [@R51]). Whether aerobic glycolysis has the same role in both PR subtypes remains to be investigated.

Here, the importance of aerobic glycolysis in PRs was investigated by specifically inhibiting in cones and rods a gatekeeper of aerobic glycolysis: hexokinase (HK) 2 ([@R13]; [@R49]; [@R62]). HK catalyzes the first critical step of glycolysis: the ATP-dependent conversion of glucose to glucose-6-phosphate (G-6-P). Among the four mammalian HK isoenzymes, HK1 is the most ubiquitously expressed HK ([@R60]). In contrast, HK2 is absent from most adult tissues ([@R60]) but is overexpressed in most cancer cells as part of the general strategy to reprogram cell metabolism toward aerobic glycolysis ([@R13]; [@R28], [@R29]; [@R36]; [@R47]; [@R49]; [@R62]). The preferential mitochondrial localization of both HK1 and HK2 provides direct access to ATP generated by OXPHOS to promote rapid glucose phosphorylation ([@R6]; [@R29]). It also generates an ADP/ATP recycling mechanism to maintain high OXPHOS rates. AKT directly modulates mitochondrial HK2 ([@R50]), which may allow tumor cells to dynamically adapt glycolysis depending on the metabolic state ([@R31]; [@R49]). Given that PRs express high levels of HK2 ([@R2]; [@R44]; [@R46]; [@R51]), we hypothesized that HK2 couples aerobic glycolysis to PR survival and/or function. Here, we show that HK2 promotes aerobic glycolysis in PRs, and loss of HK2-mediated aerobic glycolysis correlates with increased OXPHOS. This reprogramming has no impact on PR survival rather it impairs rod function. Moreover, HK2 is required to help cones to survive under metabolic stress.

RESULTS {#S2}
=======

HK2 Is Expressed at Comparable Levels in Rods and Cones {#S3}
-------------------------------------------------------

To elucidate the role of *Hk2* and aerobic glycolysis in PRs, we first confirmed that HK2 is present in both rods and cones and that PR-specific loss of function is achieved. As expected ([@R2]; [@R44]; [@R46]; [@R51]), HK2 expression was PR-enriched and increased during the postnatal maturation of PRs ([Figures 1A--1C](#F1){ref-type="fig"}). Western blot analysis confirmed the specificity of the HK2 antibody ([Figure S1A](#SD1){ref-type="supplementary-material"}). Using the *Ai9_MCre*^+^ line, which conditionally expresses the fluorescent tdTomato protein in cones, we confirmed that *Hk2* is also expressed in cones ([Figures 1C](#F1){ref-type="fig"} and [S1B](#SD1){ref-type="supplementary-material"}). Cone expression was further validated on retinal flatmounts of *Nrl*^−/−^ mice, which have no rods due to a developmental reprogramming of rods into cones ([Figure S1B](#SD1){ref-type="supplementary-material"}). Immunohistochemistry (IHC) showed that HK2 was localized to the inner segment (IS) and the synaptic terminal of PRs ([Figure 1D](#F1){ref-type="fig"}). In cones, HK2 was also localized within the perinuclear region ([Figures 1C and 1D](#F1){ref-type="fig"}).

Loss of HK2 function in rods or cones was achieved by crossing the *Hk2* conditional mouse (*Hk2^c^*^/^*^c^*) to the rod-specific *iRCre* line or the cone-specific *MCre* line, respectively. Cell-type specificity and developmental expression analyses of both *Cre* lines showed that at least 89% and 100% of rods and cones, respectively, express CRE recombinase ([Figures S1D and S1H](#SD1){ref-type="supplementary-material"}), with *Cre* expression becoming evident by post-natal day (PN) 5--7 ([Figures S1E and S1F](#SD1){ref-type="supplementary-material"}). HK2 loss was confirmed at the RNA and protein level and by IHC ([Figures 1D--1G](#F1){ref-type="fig"} and [S1I](#SD1){ref-type="supplementary-material"}). Mice heterozygous for *Hk2* in rods (*Hk2*^c/+^\_*iRCre*^+^) displayed a 50%--70% decrease in HK2 RNA and protein levels when compared to wild-type mice ([Figures 1D--1G](#F1){ref-type="fig"}). To confirm the loss of HK2 in cones, we generated mice with simultaneous *Hk2* deletion in rods and cones (*Hk2^c^*^/^*^c^\_iRCre*^+^*\_MCre*^+^*).* These mice had no residual HK2 protein in the retina ([Figures 1D, 1F, and 1G](#F1){ref-type="fig"}). The data show that both rods and cones express HK2, and one allele is not sufficient to achieve normal expression. Additionally, the remainder of HK2 protein in *Hk2^c^*^/^*^c^\_iRCre*^+^ mice and the complete absence of the protein after *Hk2* deletion in rods and cones suggests that cones and rods express comparable levels of HK2.

HK2 Loss Inhibits Aerobic Glycolysis in Rods {#S4}
--------------------------------------------

*Hk2* knockout in cancer cells leads to loss of aerobic glycolysis ([@R62]). To determine if HK2 loss also inhibits aerobic glycolysis in PRs, critical glycolysis enzymes and extracellular lactate production were evaluated in 1-month-old *Hk2*^c/c^\_ *iRCre*^−^, *Hk2*^c/+^\_*iRCre*^+^, and *Hk2*^c/c^\_*iRCre*^+^ mice ([Figures 2](#F2){ref-type="fig"} and [S2](#SD1){ref-type="supplementary-material"}). Lactate dehydrogenase (LDH) mediates the bidirectional conversion between pyruvate and lactate and constitutes an important switch between aerobic glycolysis and OXPHOS ([@R53]). LDH is a tetrameric enzyme composed of LDHA and LDHB subunits, which have different substrate and product affinities. Consequently, the relative proportion of LDHA and LDHB within the LDH tetramer changes the reaction rate and thereby the steady-state levels in cells. LDHA, which has a higher affinity for pyruvate, is generally associated with high rates of aerobic glycolysis ([@R45]; [@R53]). Because of that, LDHA is expressed at high levels in PRs ([@R7]; [@R9]; [@R51]). We found reduced expression of LDHA after partial or total ablation of HK2 in rods ([Figures 2A, 2B](#F2){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}). In contrast, the low levels of LDHB remained unchanged ([Figures 2A, 2B](#F2){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}). Expression of pyruvate kinase muscle isozyme M2 (PKM2), another enzyme promoting anabolism ([@R17], [@R18]), was also decreased in *Hk2*^c/c^\_*iRCre*^+^ retinas, but no change was seen in *Hk2*^c/+^\_*iRCre*^+^ mice ([Figures 2A, 2B](#F2){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}). Previous work established an essential role for LDHA and PKM2 in supporting lactate production by rods (LDHA and PKM2 conditional knockout decreased lactate secretion by \~57% and \~14% per Cre^+^ rods, respectively). Similarly, we observed a significant reduction in extracellular lactate in both *Hk2^c^*^/^*^c^\_iRCre*^+^ and *Hk2^c^*^/+^*\_iRCre*^+^ retinas (loss of \~39% of extracellular lactate per Cre^+^ rods, [Figure 2C](#F2){ref-type="fig"}). Inhibiting HK2-mediated aerobic glycolysis also resulted in a significant reduction in NAPDH in *Hk2^c^*^/^*^c^\_iRCre*^+^*,* but not *Hk2*^c/+^\_ *iRCre*^+^ retinas ([Figure 2C](#F2){ref-type="fig"}). The equivalent experiment with HK2 loss in cones was not carried out, as cones account only for 3% of PRs making it difficult to detect changes in total retinal extracts. The data indicate that at least in rods, HK2 loss inhibits aerobic glycolysis.

Minimal Cell Death in HK2-Deficient PRs {#S5}
---------------------------------------

To study the effect of HK2-mediated aerobic glycolysis in PRs, we performed funduscopy and histological analyses over a 12-month period on mice with *Hk2* loss in rods ([Figures 3A--3D](#F3){ref-type="fig"} and [S3](#SD1){ref-type="supplementary-material"}) or cones ([Figures 3E--3G](#F3){ref-type="fig"}). Surprisingly, we found no evidence of PR cell death at any age tested in both *Hk2^c^*^/^*^c^\_iRCre*^+^ and *Hk2^c^*^/^*^c^\_MCre*^+^ lines. PR numbers ([Figures 3B and 3F](#F3){ref-type="fig"}), outer nuclear layer (ONL) thickness ([Figure 3C](#F3){ref-type="fig"}), OS length and structure ([Figures S3A--S3C](#SD1){ref-type="supplementary-material"}) were similar to control mice. Expression of PR-specific markers was also unaffected ([Figures 3D, 3G](#F3){ref-type="fig"}, and [S3D](#SD1){ref-type="supplementary-material"}), indicating that rods and cones survive under conditions of aerobic glycolysis deficiency.

Aerobic Glycolysis Deficiency Alters Rod, but Not Cone, Function {#S6}
----------------------------------------------------------------

The long-term viability of HK2-deficient PRs allowed us to test how aerobic glycolysis supports PR function. Electroretinography (ERG) at 1 month showed an \~30% reduction in the rod scotopic a- and b-waves amplitudes in *Hk2^c^*^/^*^c^\_iRCre*^+^ mice when compared to *Hk2^c^*^/^*^c^\_iRCre*^−^ and *Hk2^c^*^/+^*\_iRCre*^+^ mice ([Figures 4A--4E and 4H](#F4){ref-type="fig"}). We extended these results by comparing the leading edges of the scotopic a-wave responses of *Hk2^c^*^/^*^c^\_ iRCre*^−^, *Hk2^c^*^/+^*\_iRCre*^+^, and *Hk2^c^*^/^*^c^\_iRCre*^+^ mice after normalization ([@R15]) ([Figure 4E](#F4){ref-type="fig"}). The overlap of *Hk2^c^*^/^*^c^\_iRCre*^−^ and *Hk2^c^*^/+^*\_iRCre*^+^ leading edges indicates that *Hk2^c^*^/+^ rods keep normal phototransduction kinetics. In *Hk2^c^*^/^*^c^\_ iRCre*^+^ mice, the a-wave response was reduced compared to *Hk2^c^*^/^*^c^\_iRCre*^−^ mice; yet this reduction remained constant at all times ([Figure 4E](#F4){ref-type="fig"}), indicating that the phototransduction cascade is not slowed. The amplitude reduction likely reflects a perturbation of the dark current and/or glutamate vesicle release. Rod responses were also delayed in implicit time ([Figures 4F and 4G](#F4){ref-type="fig"}). Interestingly, the reduction of the rod responses remained stable for up to 18 months ([Figure 4H](#F4){ref-type="fig"}), suggesting that inhibition of aerobic glycolysis stably impairs rod function. HK2 loss in rods did not affect cone function ([Figure 4I](#F4){ref-type="fig"}). Unlike rods, HK2 loss in cones had no effect on PR function ([Figures 4J and 4K](#F4){ref-type="fig"}). The results further confirm metabolic differences between cones and rods and suggest that unlike rods, cones do not depend on aerobic glycolysis or that they are better able to adapt to its inhibition.

Inhibition of HK2-Mediated Aerobic Glycolysis Rebalances PR Metabolism in Rods {#S7}
------------------------------------------------------------------------------

To understand how the inhibition of aerobic glycolysis impairs rod function, we evaluated changes in selected glycolytic pathways. PRs in culture can produce ATP via OXPHOS when aerobic glycolysis in inhibited ([@R9]). PR mitochondria also provide an alternative metabolic pathway for NADPH generation in isolated mouse rods under transient glucose shortage ([@R1]). We therefore assessed mitochondrial changes in HK2-deficient PRs. The mitochondrial marker voltage-dependent anion channel (VDAC) was found to be upregulated in *Hk2^c^*^/^*^c^\_iRCre*^+^ retinas at 1 month of age when compared to control mice ([Figures 5A--5C](#F5){ref-type="fig"}). In *Hk2^c^*^/+^*\_iRCre*^+^ and control mice, VDAC staining was mainly localized to the PR IS. While a similar staining was observed in *Hk2^c^*^/^*^c^\_iRCre*^+^ retinas, large VDAC^+^ dots were also observed in the ONL with a tendency of these dots to concentrate toward the outer limiting membrane (OLM) ([Figures 5A, 5C, and 5F](#F5){ref-type="fig"}). Similar large dots were observed with HK1 staining ([Figures 5D--5F](#F5){ref-type="fig"} and [S4A](#SD1){ref-type="supplementary-material"}). VDAC^+^ or HK1^+^ large dots did not overlap with the Muller glia marker glutamine synthase ([Figures 5C, 5D](#F5){ref-type="fig"}, and [S4A](#SD1){ref-type="supplementary-material"}) or with the cone marker cone arrestin ([Figure 5E](#F5){ref-type="fig"}), indicating that mitochondrial changes occurred in rods. The increased VDAC expression in *Hk2^c^*^/^*^c^\_iRCre*^+^ retinas was also associated with a marked upregulation of mitochondrial OXPHOS proteins ([Figures 5G](#F5){ref-type="fig"} and [S2B](#SD1){ref-type="supplementary-material"}). Transmission electron microscopy confirmed a higher number of mitochondria in HK2-deficient rods compared with controls ([Figures 5H, 5I](#F5){ref-type="fig"}, and [S3E--S3G](#SD1){ref-type="supplementary-material"}). These mitochondria were in the distal perinuclear area of the rod somas ([Figures 5H](#F5){ref-type="fig"}, [S3E, and S3F](#SD1){ref-type="supplementary-material"}), a distribution observed in cone PRs only or in avascular retinas. The number and size of perinuclear rod mitochondria in *Hk2^c^*^/^*^c^\_iRCre*^+^ mice increased with age ([Figures 5H](#F5){ref-type="fig"} and [S3E](#SD1){ref-type="supplementary-material"}).

To determine if the increase in mitochondria number associated with HK2 depletion was due to reduced glucose uptake, retinal explants were cultured in the presence of the fluorescent D-glucose analog 2-NDGB ([Figures S5Aand S5B](#SD1){ref-type="supplementary-material"}). Fluorescence intensity was decreased when 2-NBDG was inhibited by addition of D-glucose to the media. Interestingly, whereas a slight decrease was observed in *Hk2^c^*^/+^*\_iRCre*^+^ retinas compared to controls, *Hk2^c^*^/^*^c^\_iRCre*^+^ retinas showed no difference in glucose uptake when compared to controls. This maintenance in glucose uptake was associated with an upregulation of HK1 and GLUT1 at 1 and 12 months ([Figures S4A, S5C, and S5D](#SD1){ref-type="supplementary-material"}). In *Hk2^c^*^/+^*\_ iRCre*^+^ retinas, no significant change in the expression of HK1 and GLUT1 were observed in total retinal extracts ([Figure S5C](#SD1){ref-type="supplementary-material"}), despite an increase in the number of HK1^+^ dots in the ONL ([Figure 5F](#F5){ref-type="fig"}). We also observed a progressive decline in HK2 expression ([Figure S4](#SD1){ref-type="supplementary-material"}) and a compensatory upregulation of HK1 in normal rods with age ([Figure S4](#SD1){ref-type="supplementary-material"}). Thus, although glucose flux was not directly evaluated, the downregulation of enzymes critical for aerobic glycolysis along with decreased lactate levels and an increase in mitochondrial number suggest that the decrease in HK2-meditaed aerobic glycolysis is coupled to elevated OXPHOS. The absence of mitochondrial biogenesis in *Hk2*^c/+^\_*iRCre*^+^ mice may indicate that rods engage in compensatory mechanisms to maintain a relatively high glycolytic flux that results in a decrease in lactate production with no change in PKM2, and NADPH synthesis. Therefore, increased OXPHOS largely compensates for aerobic glycolysis deficiency in rods.

In cones, only HK1, but not VDAC staining nor mitochondria number, increased upon HK2 loss, possibly reflecting the higher basal OXPHOS capacity of cones compared to rods ([@R38]) ([Figure S5E](#SD1){ref-type="supplementary-material"}).

PRs may use lactate to fuel oxidative metabolism ([@R37]; [@R42]). Rods are the main producers of lactate in the retina ([@R9]; [@R16]), thus, we considered the possibility that cones can use rod-derived lactate as an alternative fuel to compensate for glycolysis reduction. We performed ERG analyses on mice with simultaneous *Hk2* loss in rods and cones. Remarkably, cone responses were reduced in *Hk2^c^*^/^*^c^\_iRCre*^+^*\_MCre*^+^ mice compared to *Hk2^c^*^/^*^c^\_iRCre*^+^ littermates ([Figure 6A](#F6){ref-type="fig"}), suggesting that when aerobic glycolysis is affected, cones rely on lactate produced by rods. Accordingly, we observed an increase of LDHB in cones of *Hk2^c^*^/^*^c^\_ iRCre*^+^*\_MCre*^+^ mice when compared to *Hk2^c^*^/^*^c^\_ iRCre*^+^*\_MCre*^−^ mice at 2 months ([Figure 6B](#F6){ref-type="fig"}), while there was no change in LDHB expression in *Hk2^c^*^/^*^c^\_MCre*^+^ mice compared to *Hk2^c^*^/^*^c^\_MCre*^−^ mice at 1 ([Figure 6B](#F6){ref-type="fig"}) or 12 months (data not shown). Thus, cones adapt to loss of *Hk2* by taking up lactate produced by rods.

Cones under Metabolic Stress Require HK2 to Survive {#S8}
---------------------------------------------------

The balance between aerobic glycolysis and OXPHOS may be altered during disease or conditions of severe metabolic perturbations. To investigate the role of aerobic glycolysis during retinal degeneration, we crossed the *Hk2_MCre*^+^ line with the *retinal degeneration 1* (*rd1*) mouse model of retinitis pigmentosa (RP). In RP, cone death always follows rod death. Accumulative evidence suggests that cones die in RP due to glucose deprivation. We showed that cones upregulate several metabolic genes at the onset of cone death including hypoxia-induced factor 1 (HIF-1a), GLUT1, PKM2 and HK2 ([@R43]; [@R56]) suggesting that cones attempt to metabolize more glucose through aerobic glycolysis. This metabolic reprogramming in cones may be similar to the Warburg effect in cancers where tumors adapt to glucose deprivation ([@R5]). Consistent with this, we found that constitutive activation of the mammalian target of rapamycin complex 1 (mTORC1), through ablation of the tuberous sclerosis complex protein 1 (TSC1), confers a strong survival advantage to cones in *rd1* mice ([@R56]). mTORC1 regulates aerobic glycolysis. Its constitutive activation further enhanced the expression of the aforementioned genes and of retinal NAPDH levels, likely improving the efficacy and durability of this natural protective mechanism. Moreover, subretinal injection of exogenous glucose ([@R59]) or overexpression of the rod-derived cone viability factor, which indirectly increases glucose uptake and aerobic glycolysis in cones ([@R2]), have both also been shown to improve cone survival, further attributing a central role to glucose during secondary cone death in RP.

We used the Ai9 reporter mice to score for cone survival. Contrary to the cone marker cone arrestin, Cre-mediated expression of td-Tomato in *rd1* cones does not decrease in degenerating cones ([Figure S6](#SD1){ref-type="supplementary-material"}). At 2 months, we found decreased cone survival in *rd1_Hk2^c^*^/^*^c^\_MCre*^+^ retinas when compared to *rd1_Hk2^c^*^/+^*\_ MCre*^+^ and control retinas ([Figure 7](#F7){ref-type="fig"}). Similarly, HK2 loss abrogated the pro-survival effect of constitutively activated mTORC1 in *rd1_Tsc1^c^*^/^*^c^\_Hk2^c^*^/^*^c^\_MCre*^+^ mice ([Figures 7B](#F7){ref-type="fig"} and [S7A](#SD1){ref-type="supplementary-material"}). In the latter case, the survival effect depended on the dose of *Hk2*. These results demonstrate that improved glucose metabolism mediates cone survival upon TSC1 loss and show that HK2-mediated aerobic glycolysis allows better PR adaptability under the metabolic stress created by the loss of rods in retinitis pigmentosa. Notably, deleting HIF-1a, a key regulator of *Hk2* expression ([@R48]) that is upregulated in cones of *rd1* mice and upon TSC1 loss in cones ([@R43]; [@R56]), had no effect on cone survival in *rd1* and *rd1_Tsc1^c^*^/^*^c^\_MCre*^+^ mice ([Figure S7](#SD1){ref-type="supplementary-material"}). Thus, HIF-1a does not regulate HK2 in *rd1* and *rd1_Tsc1^c^*^/^*^c^\_MCre*^+^ cones.

DISCUSSION {#S9}
==========

Since its initial observations by Otto Warburg, aerobic glycolysis has been documented in nearly all embryonic and rapidly proliferating cells, where it plays a fundamental role in supporting cell growth ([@R54]). However, why post-mitotic PRs also perform aerobic glycolysis has remained unclear. In this work, we (1) identified HK2 as a key regulator of aerobic glycolysis in PRs, and (2) revealed the importance of HK2-mediated aerobic glycolysis for PR function and survival *in vivo*. We found that HK2-mediated aerobic glycolysis is not a necessity for PR survival. Yet, aerobic glycolysis is required for optimal rod function and for the survival of nutrient-deprived cones. Based on our data, we propose that aerobic glycolysis is a metabolic choice carried out to maximize overall PR health.

PRs Can Adapt Their Metabolism {#S10}
------------------------------

We obtained compelling evidence that PRs are able to reprogram their energy metabolism from aerobic glycolysis to increased OXPHOS upon HK2 loss. First, we found that reduction of aerobic glycolysis in HK2-deficient rods does not affect glucose uptake ([Figure S5](#SD1){ref-type="supplementary-material"}). This suggests that HK2 loss inhibits glycolysis without causing PRs to catabolize alternative energy substrates. Glucose may now be preferentially diverted toward the mitochondria. Second, we found that rods progressively increase the number of their mitochondria when HK2-mediated aerobic glycolysis is inhibited ([Figures 5](#F5){ref-type="fig"}, [S2, S3, and S4](#SD1){ref-type="supplementary-material"}), probably to generate more ATP. Reduction of aerobic glycolysis in PRs decreases by \~20% the retinal ATP production ([@R4]; [@R9]; [@R61]), accounting for \~50% of ATP produced by PRs ([@R8]). Yet, PR mitochondria operate at full capacity, with limited reserve to generate more ATP. Mitochondria may thus replicate to meet the energy demands of PRs in the absence of HK2. In human neural progenitor cells ([@R66]) and hepatocellular carcinoma ([@R11]), HK2 loss also marks the transition from aerobic glycolysis to OXPHOS. In isolated mouse retinas, inhibition of aerobic glycolysis did not change ATP levels, but resulted in a greater fraction of the ATP pool that is sensitive to inhibition of mitochondrial function ([@R9]). While our study documents PR flexibility between aerobic glycolysis and OXPHOS *in vivo*, the mechanisms linking Hk2 loss with decreased LDHA and PKM2 expression ([@R63]) and enhanced OXPHOS ([@R11]) require still further exploration.

Interestingly, rods show signs of similar metabolic flexibility with age. At 12 months, we found that HK2 expression was reduced while HK1 expression and mitochondria number increased ([Figure S4](#SD1){ref-type="supplementary-material"}). In line with our results, lactate production in the mouse retina decreases from 6 to 32 months ([@R21]), whereas PR mitochondrial dynamics increases ([@R20]). Age-related thickening of the Bruch's membrane may be associated with reduced metabolic exchange that restricts the nutrient supply to PRs ([@R12]). Alternatively, the aging RPE may become more glycolytic, thereby reducing glucose available to PRs ([@R21]).

Cones are less dependent on glycolysis than rods as they did not further increase their mitochondrial content upon HK2 loss ([Figure S5](#SD1){ref-type="supplementary-material"}). This is probably because cones already have a higher capacity for OXPHOS ([@R38]), they buffer ATP more efficiently than rods ([@R51]), and/or because they can efficiently metabolize other fuels. Accordingly, extreme changes in glucose levels ([@R27]) or iodoacetic acid-mediated inhibition of glycolysis affects rods more than cones ([@R58]).

Aerobic Glycolysis Is Required for Optimal Rod Function {#S11}
-------------------------------------------------------

Interestingly, the increase in the number of mitochondria after HK2 loss in rods did not substitute completely for aerobic glycolysis as seen by the reduction in rod function ([Figure 4](#F4){ref-type="fig"}). This result is in agreement with previous *ex vivo* studies ([@R61]). Aerobic glycolysis in the retina is thought to promote the daily renewal of the PR OS because genetic inhibition of LDHA or PKM2 in rods reduced rod OS length ([@R9]). Enhanced aerobic glycolysis in PRs may allow glucose in excess to be diverged into the pentose phosphate pathway (PPP) for the generation of more NADPH, which is necessary for lipid synthesis and recycling of the visual chromophore. Here, HK2 loss decreased NADPH. Yet, we did not observe appreciable changes in the rod OS length over 12 months ([Figures 3](#F3){ref-type="fig"} and [S3](#SD1){ref-type="supplementary-material"}). Another study reported no changes in the OS length upon the conditional depletion of *Pkm2* in rods ([@R64]). Upon HK2 loss, HK1 and OXPHOS upregulation may compensate for the reduction of glucose driven biosynthesis through the PPP, by increasing NADPH and tricarboxylic acid (TCA) cycle intermediates used as precursors for fatty acids synthesis ([@R1]). Upon LDHA loss, this compensatory mechanism may be less present and/or anabolic pathways may be more affected. Consistent with this, we observed that partial or total loss of HK2 in rods did not have the same effects on glucose uptake, glycolytic gene expression and mitochondrial biogenesis, despite a similar reduction in lactate production ([Figure 2](#F2){ref-type="fig"}).

Our data support the hypothesis that aerobic glycolysis is a source of ATP for rod terminal processes ([@R51]). Rod synaptic terminal express high levels of HK2, but not HK1, contain high levels of the liver isoform of phosphofructokinase (PFK-L) and high LDH activity, but low cytochrome *c* oxidase activity compared to the IS ([@R51]). HK2-depleted rods experience changes in their dark current and/or glutamate vesicle recycling, two ATP-consuming processes ([Figure 4](#F4){ref-type="fig"}). Moreover, HK2-depleted rods exhibit perinuclear mitochondria, which are only seen in avascular retinas where there is a problem for ATP-dependent reactions at the synaptic terminal ([@R25]; [@R52]).

Aerobic Glycolysis Contributes to Retinitis Pigmentosa Pathogenesis {#S12}
-------------------------------------------------------------------

Although genetic and environmental factors contribute to PR degenerative diseases, the underlying etiology common to many such diseases may be dysregulated metabolism of these metabolically demanding cells ([@R2]; [@R19]; [@R43]; [@R56]; [@R65]; [@R67]). Thus, understanding what PRs need to survive could lead to mutation-independent therapies that could be broadly applicable ([@R40]). We have provided evidence that HK2-mediated aerobic glycolysis helps cones to adapt to the metabolic stress created by the loss of rod in RP. Our data corroborate previous findings that glucose might be the limiting factor for cone survival during disease. Intuitively it would make more sense that cones make most of the limited glucose through OXPHOS. However, cones prefer to use the glucose available through aerobic glycolysis, maybe because besides ATP, it may also provide most of the NADPH and building blocks required for anabolism. Accordingly, the reduction in cone function in HK2 double mutant mice, suggests that cones may partially rely on other fuels to meet their high ATP needs when under stress ([Figure S5](#SD1){ref-type="supplementary-material"}). In this regard, we did not observe increased AMP-kinase phosphorylation in *rd1* cones at the onset of cone death (data not shown). The low glucose availability in *rd1* cones likely creates an NAPDH shortage that becomes detrimental. Indeed, we showed that loss of the NADPH-dependent apoptotic *Caspase-2* prolongs cones survival in *rd1* mice, while constitutive mTORC1 activation improved durability of this aerobic glycolysis-driven defense ([@R56]). Further studies are needed to determine how enhanced aerobic glycolysis enhances NADPH production or consumption. In the meantime, the observation that ''forced'' aerobic glycolysis in neurons causes detrimental pyruvate depletion and ATP shortage upon limited glucose uptake warrants further examination ([@R66]). ''Forced'' aerobic glycolysis may be both friend and foe to PR survival, depending on the circumstance.

EXPERIMENTAL PROCEDURES {#S13}
=======================

Animals {#S14}
-------

Ai9 Cre reporter, *Pde6*β*^rd1^*^/^*^rd1^* (referred as *rd1*), C57BL/6J, *Hif1a^c^*^/^*^c^*, and *Tsc1*^c/c^ mice were purchased from Jackson Laboratories. The *Nrl*^−/−^ ([@R30]), the cone-*Cre* mice (referred as M*Cre*) ([@R23]), the rod iCre-75 mice (referred as iR*Cre*) ([@R24]), and the *Hk2*^c/c^ mice ([@R36]) were kindly provided by Drs. H. Khanna, Y.Z. Le, C.K. Chen, and N. Hay, respectively. All animal procedures were approved by the university's Institutional Animal Care and Use Committee (IACUC). Ages of animals varied between 1--12 months as indicated in figures. Male and female mice were used in equal numbers unless indicated.

Electroretinography and Funduscopy {#S15}
----------------------------------

Electroretinography (ERG) and funduscopy were carried out as previously described ([@R15]; [@R26]; [@R55]).

Quantification of Cre^+^ Cells Using Flow Cytometry {#S16}
---------------------------------------------------

Retinas from 2 *Ai9*^+/+^*\_MCre*^+^ mice and 2 *Ai9*^+/+^\_iR*Cre*^+^ mice were pooled and dissociated into single cells by papain digestion. Td-Tomato^+^ cells were quantified using flow cytometry.

Immunohistochemistry {#S17}
--------------------

Immunohistochemistry (IHC) was performed on retinal cryosections (20 μm) as described previously ([@R55]) with a minimum of 3 mice per line. An antibody list is presented in the [Supplemental Information](#SD1){ref-type="supplementary-material"}.

Quantification of PR Survival {#S18}
-----------------------------

Quantification of rod survival was performed on retinal cross-sections by measuring the thickness of the ONL and counting all ONL nuclei within 3--5 consecutive sections per eye ([@R41]). Quantification of cone survival was performed on retinal flat-mounts by counting all cones over the entire retinal surface. Antibody staining and tiling of retina was performed as described ([@R56]). Ai9^+^, PNA^+^, LM opsin^+^, or S opsin^+^ cones and ONL nuclei were automatically counted using Imaris software.

Transmission Electron Microscopy {#S19}
--------------------------------

Electron microscopy was carried out as previously described ([@R26]) with 3 mice per line. OS length was measured at multiple locations on semi-thin sections. Mitochondria number per ONL cell was determined on randomly acquired TEM images by counting \>200 PR cells per mouse.

Quantitative Western Blots {#S20}
--------------------------

HK2 expression analysis during development used 4-pooled retinas from 3 mice per time point. The metabolic gene expression analysis used 2-pooled retinas from 1 mouse as one biological sample. Five to 8 biological samples were analyzed per line. Protein extracts from liver of adult C57/Bl6 mice and HEK293 cells were used as negative and positive controls, respectively. Protein extracts were prepared as described ([@R39]). Detailed procedures and antibodies are presented in the [Supplemental Information](#SD1){ref-type="supplementary-material"}.

Real-Time qPCR {#S21}
--------------

Retinas from one mouse were pooled to isolate total RNA using TRIzol (Invitro Life Technologies). Total RNA was treated with DNase I, reverse-transcribed using random hexamer primers, and real-time qPCR was performed using a Bio-Rad CFX96. Two to 3 biological samples were analyzed per line. Primers and protocols are presented in the [Supplemental Information](#SD1){ref-type="supplementary-material"}.

Glucose Uptake Assay {#S22}
--------------------

Retinas were dissected in cold DMEM, cultured for 45 min at 37°C in DMEM medium with or without D-glucose in the presence of the fluorescent glucose analog 2-deoxy-D-glucose (2-NBDG, 1 μM), washed 4 times with ice-cold PBS and DAPI, flat-mounted between 2 pre-chilled cover slides, and imaged immediately (\<10 min). Images were taken at the level of the PR segments at 5 different locations. Measurements represent duplicates of 2 experiments each.

Lactate and NADPH Assay {#S23}
-----------------------

Lactate (Lactate assay kit: Eton Bioscience) and NADPH (Fluoro NADP/NADPH: Cell Technology) assays were performed in triplicate using 2--3 biological samples, with each biological sample consisting of 2 retinas. Retinas were dissected in ice cold DMEM, rinsed in PBS, sonicated in assay buffer, and processed following manufacturer's instructions. Results were normalized per retina.

Statistical Analysis {#S24}
--------------------

The Student's t test was used with following significance levels: \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.0001. Bar graphs indicate mean and SD. Required sample sizes were determined using G\*Power 3.1 based on the effect sizes obtained with two *Cre*^+^ and two *Cre*^−^ biological samples (each containing 2 retinas from 1 animal). Test conditions: α = 0.05, power = 0.9. Biological samples used for sample size calculation were added to the final n numbers. Achieved power was \>0.92 for all tests, except for expression changes of GLUT1 (0.535) and Complex II (0.879).

Supplementary Material {#S26}
======================
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![HK2 Expression in Cones and Rods\
(A) HK2 expression (green) by IHC in adult *Ai9*\_*MCre*^+^ retinas (red: tdTomato in *Ai9*\_*MCre*^+^ mice). Right: no primary antibody. Blue: DAPI, removed from 60% of panels to visualize red and green signals.\
(B) Developmental expression and quantification of HK2 by western blot with retinal extracts (loading control: actin; n = 3; levels expressed as % of PN21 levels).\
(C) Developmental expression of HK2 by IHC at ages indicated with same labeling as in (A). Higher magnification of boxed area is shown to the right of each panel (arrowheads: HK2 in cones).\
(D) HK2 expression (green) in retinas of genotypes indicated (red, PNA detecting cones; blue, DAPI, removed from 60% of panels to visualize red and green signals; age: 1 month). Higher magnifications of areas 1 and 2 are shown below each panel.\
(E) Relative levels of retinal *Hk2* RNA after conditional *Hk2* deletion in rods (GAPDH: reference; age: 1 month).\
(F and G) Western blot (F) and quantification (G) of retinal HK2 protein levels in genotypes indicated (levels expressed as % of wild-type; age: 1 month).\
Errors bars ± SD; numbers in bars, number of retinas analyzed; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars, 25 μm (long one), 5 μm (short one).](nihms973278f1){#F1}

![Changes in Aerobic Glycolysis upon HK2 Loss in Rods\
(A--C) One-month-old mice of genotypes indicated in panels.\
(A) IHC on retinal sections for proteins indicated to the left of each panel (green signal). Cones (red signal) were detected by PNA or with an anti-cone arrestin (CA) antibody (blue: DAPI, removed from 60% of panels to visualize red and green signals; higher magnification of boxed area is shown to the right of each panel).\
(B) Quantitative western-blot analysis with retinal extracts for proteins indicated (levels expressed as % of wild-type).\
(C) Quantification of lactate, NADPH and NADP^+^ from freshly dissected retinas.\
Errors bars ± SD; numbers in bars, number of biological samples (each consisting of 2 retinas from one mouse); ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars: 85 μm (long one), 10 μm (short one).](nihms973278f2){#F2}

![Rod and Cone Survival upon HK2 Loss\
(A--D) Analysis of rod survival upon loss of HK2 in rods by fundus photography (A), quantification of total ONL nuclei per section (B), measurements of ONL thickness (C) and IHC on retinal sections (D) (RHO, rhodopsin red signal; PNA, green signal; blue, DAPI).\
(E--G) Cone survival analysis upon HK2 loss in cones performed on retinal flat mounts (E and F) stained for cone arrestin (CA) over time and PNA, medium wavelength (L/M) opsin and short wavelength (S) opsin at 1 month (F, cones per retina), and by IHC (G) for cone markers indicated in panels.\
Age and genotypes as indicated: blue, DAPI (D and G), removed from 60% of panels to visualize red and green signals. Errors bars ± SD; numbers in bars, number of retinas analyzed; ONL, outer nuclear layer; INL, inner nuclear layer. Scale bars, 85 μm.](nihms973278f3){#F3}

![Analysis of Rod and Cone Function upon Loss of HK2\
(A--I) Scotopic and photopic ERG recordings upon HK2 loss in rods.\
(A) Representative scotopic single-flash (10 cd\*s/m^2^) ERG responses from 1-month-old mice.\
(B) Scotopic ERG a-and b-wave responses from 1-month-old mice recorded over 5 light intensities (*Hk2^c^*^/^*^c^\_iRCre*^−^: n = 17; *Hk2^c^*^/+^*\_iRCre*^+^: n = 11; *Hk2^c^*^/^*^c^\_iRCre*^−^: n = 9).\
(C) Representative scotopic single-flash (10 cd\*s/m^2^) ERG responses from 1-month-old mice shown at different scales to highlight the a-wave response.\
(D) Amplitude of the scotopic a-wave response at fixed time point after flash onset.\
(E) Comparison of the leading edge of the scotopic a-wave (10 cd\*s/m^2^) after normalization (shown are representative responses as in A and C).\
(F) Implicit time of b-wave responses at 1 months of age.\
(G) b/a-wave amplitude ratios of scotopic ERG recorded at 0.1 cd\*s/m^2^ at time indicated.\
(H) b-wave amplitude of scotopic single-flash ERG responses over time at 0.01 cd\*s/m^2^.\
(I) b-wave amplitude of photopic responses at 1 and 12 months.\
(J and K) Photopic ERG recordings upon loss of HK2 in cones.\
(J) Representative photopic single-flash responses from 2-month-old mice.\
(K) b-wave amplitude of photopic responses over time.\
Errors bars ± SD; numbers in bars, number of mice analyzed.](nihms973278f4){#F4}

![Increased Mitochondria Number upon Loss of HK2 in Rods\
(A) Retinal sections showing increased VDAC (green, arrowheads show large VDAC^+^ dots) expression upon loss of HK2 in rods (red, PNA; blue, DAPI, removed from 60% of panels to visualize red and green signals). Boxed areas are shown to the right of each panel.\
(B) Relative levels of VDAC protein assessed by western blot of total retinal extracts.\
(C and D) Retinal sections stained for glutamine synthetase (GS, red) and VDAC (C, green) or HK1 (D, green) showing no colocalization of large green dots (arrowhead) with GS. Boxed areas are shown below each panel.\
(E) Cross-sections of *Hk2^c^*^/^*^c^\_iRCre*^+^ retina showing that HK1 dots (green) do not co-localize with cone arrestin (CA, red; DAPI, blue, removed from 60% of panels to visualize red and green signals).\
(F) Relative number of VDAC- or HK1-positive dots in the ONL.\
(G) Relative level of the 5 OXPHOS complexes assessed by western blot of total retinal extracts.\
(H and I) Transmission electron microscopy images (H) and mitochondria quantification (I) showing a larger number of PR mitochondria (red) in the rod perinuclear region upon loss of HK2 at 1 and 12 months (blue, mitochondria located in Mueller glia processes; red dotted line, outer limiting membrane).\
Age in all experiments: 1 month except as indicated in (H); genotypes as indicated; results in (B), (F), and (G): % of wild-type. Error bars ± SD; numbers in bars, number of biological samples; ONL, outer nuclear layer; INL, inner nuclear layer; IS, inner segment; GCL, ganglion cell layer.](nihms973278f5){#F5}

![Retinal Function in HK2 Double Knockout Mice\
(A) ERG recordings in HK2 double knockout mice at 4 months of age showing no difference in the b-wave amplitudes of scotopic single-flash ERG responses at 0.01 cd\*s/m^2^ between *Hk2^c^*^/^*^c^\_iRCre*^+^ and *Hk2^c^*^/^*^c^\_iRCre*^+^*\_MCre*^+^ littermates. In contrast b-wave amplitudes of photopic responses show reduced cone function only in *iRCre*^+^*\_MCre*^+^ retinas. Errors bars ± SD; numbers in bars, number of mice analyzed.\
(B) Representative IHC images on retinal sections for LDHB expression (green signal) at 1 (top) or 2 (bottom) months of age. Cones were detected with an anti-cone arrestin antibody (CA, red signal). Higher magnification of boxed areas is shown to the right of each panel. INL, inner nuclear layer; ONL, outer nuclear layer.](nihms973278f6){#F6}

![HK2 Promotes Cone Survival in Retinitis Pigmentosa\
(A) Representative retinal flat mounts at 2 months of genotypes indicated showing less central *Ai9*^+^ cones upon loss of HK2 in cones (higher magnification of boxed area).\
(B) Quantification of the total number of *Ai9*^+^ cones per retina at 2 months in genotypes indicated. Errors bars ± SD; numbers in bars, number of retinas analyzed.](nihms973278f7){#F7}

###### Highlights

-   Loss of HK2 in rod PRs inhibits aerobic glycolysis

-   Inhibition of aerobic glycolysis impairs only rod function, not rod survival

-   Increased OXPHOS largely compensates the inhibition of aerobic glycolysis

-   HK2 confers a survival advantage in cones under metabolic stress conditions

[^1]: Lead Contact
